Under normal geological and mining conditions, surface subsidence caused by underground coal mining generally adheres to current subsidence theory. However, due to the presence of complex geological structures, abnormal mining-induced surface deformation has become increasingly frequent. In this study, we investigate abnormal surface deformation and building damage caused by the excavation of working face 162601 in Xinsan Mine, Fengfeng Mining District, using seven RadarSat-2 SAR images from October 2013 to March 2014. The spatial distribution of surface deformation is identical to the strike of the F29 fault, indicating that the abnormal damage suffered by buildings in Shiqiao Village is related to the existence of this fault. A theoretical analysis and similitude material simulation experiments are conducted to determine the relationship between the fault and the mining-induced subsidence. In both instances, fault ''activation'' is the root cause of the abnormal surface deformation and building damage. This study reveals the mechanism behind abnormal damage in a mining-induced subsidence area by analyzing the InSAR derived spatial distribution of surface deformation. The findings of this study will contribute towards improving subsidence control theory, developing preventive measures against abnormal damage in subsidence-affected areas, and conserving the ecological environment of such areas.
I. INTRODUCTION
As coal is the largest source of energy in China, it plays a crucial role in the country's socioeconomic development. However, large-scale coal mining can significantly damage the ecological environment of mining areas and lead to various geological disasters and social issues [1] - [3] , including land subsidence, building damage, the destruction of groundwater systems, and landslides. The key to prevent or mitigate such disasters needs a clear understanding of the characteristics of mining-induced subsidence and the subsequent implementation of preventive measures. Therefore, a number of studies have analysed the characteristics of mininginduced subsidence around the world [4] - [10] . However, the The associate editor coordinating the review of this manuscript and approving it for publication was Weimin Huang . increasing scale and intensity of coal mining in recent years has led to new, hitherto unseen forms of mining-induced surface damage, particularly in areas with complex geological structures. These abnormal deformation styles exhibit features that are incompatible with current subsidence theories that typically model mining-induced surface deformation as a continuous process. Furthermore, the building damage caused by such abnormal deformation is often much more severe than that resulting from ordinary mining-induced surface deformation [11] .
Many researchers have reported in their studies the abnormal deformation caused by underground coal mining. Bell et al. reported the unusual cases of mining subsidence from Great Britain, Germany, and Colombia, and simply analyzed the causes of these unusual deformations [12] . Gale and Sheppard investigated the potential causes of excessive subsidence that occurred at Tahmoor Colliery using computer modelling together with hydrological and detailed geotechnical characterisation of the strata, which presented potential key indicators for this form of abnormal subsidence [13] . Malinowska et al. explained the rare phenomenon of earth fissures induced by deep underground mining operations, and proposed spatial -attribute analysis algorithm to determine the potential risk in the form of earth fissure occurrence on the surface [14] .
The process by which mining induces surface movement is extremely complex and results from a combination of multiple factors (e.g., topography, and geology of the mine). An accurate depiction of this process would require precise, reliable, and periodic monitoring of the area to ensure the timely identification of sudden changes in order to obtain real-time, multi-dimensional, and long-term data on the characteristics of surface deformation. However, as abnormal mining-induced surface deformation is unlike conventional subsidence behaviour and therefore somewhat unpredictable, it has been relatively overlooked by researchers, resulting in a lack of observational data. Although conventional measurement technologies such as levelling surveys, global positioning satellites (GPS), and total station surveys are mature and reliable, these techniques tend to be costly to implement, require long measurement cycles, and are rather sparse in their measurement points [15] . Furthermore, it is impossible to obtain the data on surface deformation that has occurred using these methods (this is equally difficult for new techniques like unmanned aerial vehicle (UAV) low altitude photogrammetry and 3D laser scanning). Therefore, it is very challenging to use the aforementioned methods to acquire information about the distribution and characteristics of abnormal mining-induced deformation.
Due to the continuous development of high-resolution, short-revisit-time, the synthetic aperture radar (SAR) satellites and SAR data processing methods, has made it possible to measure surface deformation to the centimetre or subcentimetre level via the interferometric synthetic-aperture radar (InSAR) technique [16] . The InSAR technique is widely applied in areas that require surface deformation monitoring, such as earthquake-induced co-seismic dislocations [17] , [18] , landslide deformation [19] - [21] , crustal displacement caused by volcanic eruptions [22] , [23] , glacier movements [24] , [25] , and mining-induced surface subsidence [26] - [33] . A unique feature of the InSAR technique is that it can be used to invert historical deformation in a target area using previously stored SAR images. Therefore, InSAR is one of the most effective methods for acquiring information about abnormal deformation in subsidence-affected areas, which can then be used to trace the temporal evolution and spatial distribution of these features.
To address the lack of current monitoring data on abnormal mining-induced surface deformation and related mechanisms, this study analyses the abnormal surface deformation and building damage that occurred in Shiqiao Village, Xinsan Mine. Firstly, the InSAR technique is used to analyse the temporal evolution and spatial distribution of mining-induced surface deformation in the study area from October 2013 to March 2014, based on seven RadarSat-2 images. We then perform theoretical analyses and experimental similitude simulations to determine the relationship between the mining-induced deformation and local faults. This research experimentally and theoretically demonstrates that the abnormal surface deformation and building damage were caused by the presence of faults in the area. Finally, the findings of this study and possible directions for future research are discussed.
II. STUDY AREA AND ABNORMAL DAMAGE TO BUILDINGS A. STUDY AREA
The study area is the Xinsan Mine of the Fengfeng Mining district, which is located in southern Hebei, southwest of Handan City, on the eastern foothills of the Taihang Mountains. The mining district extends 45 km and 28 km in the NS and EW directions, respectively, and its elevation varies between +105 m and +280 m. The Fengfeng Mining District has an advantageous geographical location and excellent transportation network, and is one of the oldest coal mining districts in China.
The Xinsan Mine is located in the central area of Fengfeng Mining District, covering an area of 12.64 km 2 . The elevation of Xinsan Mine varies between +106 m and +186 m and the elevation of its coal seam ranges from −390 m to −590 m. Its working faces are excavated using retreat mining, and longwall top coal caving (LTCC) is the primary coal extraction method. The geographical location of the study area and the distribution of buildings in this area are shown in Figs. 1(a) and 1(b).
B. MINING-INDUCED ABNORMAL DAMAGE TO BUILDINGS
Working face 162601 in Xinsan Mine was mined from March 2012 to June 2014. The average mining depth of the working face was 520 m and the average mining thickness of the coal seam was 4.2 m. The inclination of the coal seam was approximately 11 • . Usually, the surface subsidence and deformation can be calculated using the corresponding method when the underground mining area and geological mining conditions are determined. The probability integral method, proposed by Polish scholar Litwiniszyn [34] and generalised by Chinese scholars Liu and Liao [35] , is one of the most widely used and most well-developed methods. In this section, the probability integration model was used to predict the surface subsidence caused by mining of this working face, and the parameters used in this study are shown in Table 1 , which are summarized based on the surface deformation observation data of Xinsan Mine over the years.
The predicted subsidence is shown by blue lines in Fig. 1(c) , which indicate that, according to current subsidence theory, mining of working face 162601 should not have affected the buildings in Shiqiao Village. In reality however, cracks started to appear in Shiqiao Village in March 2014, with some houses severely damaged, as shown in Figs. 1(d) and 1(e). Field surveys of the area revealed several key features: (1) Damage occurred in the buildings of Zone A, which is close to working face 162601 (minimum distance of 253 m). (2) Severe damage occurred in the buildings of Zone B, which is relatively far from working face 162601 (minimum distance of 497 m). Furthermore, the surfaces in this area exhibited significant crack development.
(3) The surfaces and buildings in the village between Zone A and Zone B did not exhibit significant levels of damage.
III. ABNORMAL DEFORMATION DETECTION AND DISTRIBUTION CHARACTERISTIC ANALYSIS
Based on current subsidence theory, the mining of working face 162601 should not have affected Shiqiao Village. Hence, the damage to Shiqiao Village was abnormal. Because of this, the surface deformation that occurred in Shiqiao Village during mining of the working face was not regularly monitored. Therefore, in order to explain this abnormal damage, we interpreted and analysed the surface deformation in the study area via InSAR time series analysis method based on seven Radarsat-2 images taken between October 2013 and March 2014. This section describes the main parameters and processing steps, and provides details of the analysis of the deformation obtained by the InSAR.
A. SURFACE DEFORMATION INTERPRETATION BASED ON INSAR TECHNOLOGY 1) DATA SET
To monitor the construction-related deformation in the coal mining area, seven Radarsat-2 images (C-band sensors, revisit period: 24 days, orbit configuration: ascending) acquired between 23 October 2013 and 16 March 2014 were purchased. The acquisition dates and other relevant parameters are shown in Table 2 .
2) DATA PROCESSING OF SBAS-INSAR
In this study, the SBAS-InSAR approach was used to obtain surface deformation data using ENVI SARscape software. The fundamental principle of SBAS-InSAR is to adopt the deformation results obtained by conventional D-InSAR monitoring as a single observation value, then obtain a highprecision deformation time series based on the least squares rule. A. Ferretti and R. Lanari presented an inversion method for a deformation time series using multiple InSAR images [36] , [37] . A detailed discussion of SBAS and its implementation can be found in (Berardino et al. 2002) [38] ; therefore, only a brief introduction to the processing of SBAS-InSAR is presented here. The SBAS-InSAR process includes the following main steps, as shown in Fig. 2 . master and slave images need to be arranged in the same chronological order.
• Selection of permanent scatter target points. There are two principles for the selection of permanent scatter target points: a) maintaining high echo signal intensity in the time series SAR data and b) maintaining high coherence in the SAR interferograms. The algorithm calculates the average of the coherence coefficients of each pixel in N interferograms in order to extract the pixels whose coherence coefficients are larger than the threshold as high coherence scatter points.
• Phase unwrapping (PU). In an interferogram, the observed principal phase values (wrapped phase) are restricted in the range [-π, π], whereas the true phase values are defined as whole real numbers. To obtain the absolute phase and the actual ground surface deformation, PU must be implanted.
• Extraction of the deformation time series. After PU and orbital refinement, time domain high-pass filtering, and spatial domain low-pass filtering, the deformation and deformation rate of the high coherence target points can be extracted.
In the data processing, all parameters adopted the values recommended by the SARscape software for SAR images with a resolution better than 10 m. First, an interference connection graph was generated with a 100-m perpendicular baseline threshold and a 72-day temporal baseline. Fifteen interferometric pairs were obtained, and the pairs and time versus relative position are illustrated in Fig. 3 . Next, differential interferometry was performed (2 × 3 multi-looking), and an external Shuttle Radar Topography Mission digital elevation model (SRTM DEM) with 3-arcsecond resolution was used to remove the topographic phase. Adaptive filtering and phase unwrapping based on the minimum cost flow method (the adopted unwrapping coherence threshold was 0.3) were performed to obtain clear interference fringes and the true phase information. Subsequently, a third-order polynomial model was used to perform orbital refinement and re-flattening using the iterative least squares method. The purpose of this stage was to estimate and remove the trend phase caused by orbital errors. Finally, deformation rate inversion and geographic encoding were performed, and ground vertical displacement was obtained by dividing the deformation values along the line of sight by the cosine of the incidence angle. In addition, the spatial extent of the area of abrupt changes is consistent with the locations of damaged buildings. A displacement time series was constructed for the II-II' line in Fig. 5 , with one measurement taken every 3 m, in order to analyse the temporal evolution of the sudden change in deformation rates. (2) After the abrupt change in displacement, the amount of surface displacement did not continue to increase. The increase in displacement along the II-II' line did not exceed 5 mm. By superimposing the known geological structure of Xinsan Mine on the deformation rate map (Fig. 5) , it is observed that the spatial extent of the zone of abrupt change is the same as the strike of faults F3 and F29. Field surveys have also shown that the surface cracks in Zone B developed in parallel to the strike of F3 and F29. Furthermore, there is a significant difference in height between the two sides of the cracks, which is consistent with the abrupt change in displacement observed by InSAR (Fig. 6.) .
Because the InSAR-derived deformation and the field survey results are consistent with the surface damage that typically occurs around the surface outcrop of a fault, it is likely that the abnormal surface deformation and building damage are related to the presence of faults in this area. A crosssectional profile of the I-I' line (whose location is shown in Fig. 1(c) ) is shown in Fig. 5 to illustrate the relationship between abnormal surface deformation in the study area, the mining of Xinsan Mine, and the local faults.
According to Fig. 7: (1) The area that is directly affected by the excavation of working face 162601 (as determined by the boundary angle (58 • )) includes Zone A but not Zone B.
(2) Zone B (the abnormal damage zone) is located at the surface outcrop of the F29 fault. (3) A large goaf (a cavity behind the longwall) formed below the F3 fault due to mining of working face 162601, which will inevitably have ''activated'' the F3 fault. As the F3 and F29 faults intersect at depth, strata movements caused by the activation of F3 will also have affected F29. (4) In summary, the building damage in Zone A was directly caused by underground mining operations, whereas the building damage in Zone B was indirectly caused by activation of the F29 fault.
IV. IMPACT OF FAULTS ON UNDERGROUND COAL SEAM MINING A. THEORETICAL ANALYSIS
If a fault is present in a set of strata and a mining panel is located above the fault, the microelements of the mining panel near the fault plane will be subjected to the stresses shown in Fig. 8(a) . An internal stress model of the fault is shown in Fig. 8(b) . Inside each microelement, the normal stress and shear stress on the fault plane are given by:
where, θ is the inclination of the fault, σ and τ are the normal stress and shear stress of the fault plane, and σ h and σ v are the horizontal and vertical stresses acting on the microelement, respectively. In Fig. 8(b) , the forces acting on the triangular microelements in the x and y directions are:
where F x and F y are the sum of forces acting on the microelements in the x and y directions, respectively, whereas ds is the area of contact between the triangular element and the fault plane.
After the working face has been excavated, the overlying strata will crack, break, and bend, as shown in Fig. 8(c) . The breaks in the rock will alter the vertical and horizontal stresses acting on the microelements, leading to movement and deformation of the strata. As the lower plate of the fault will obstruct movement of the microelements, they must slide along the fault plane as they cannot move perpendicular to the fault plane. The sliding microelements will lead to the formation of a bed-separation space (indicated by red lines in Fig. 8(c) ); the accumulation and transfer of bed-separation spaces will then lead to the formation of a surface crack (with a marked difference in height between its sides), which then develops along the fault strike. In addition, as the fault also ''unloads'' internal stresses within the strata, the rock masses on the other side of the fault will not be significantly affected by the mining operations.
B. SIMILITUDE MODEL EXPERIMENT
Similitude simulations are an important tool for studying the behaviour of surface subsidence [39] , [40] . By applying similitude theory, a model can be constructed that is similar to real mining conditions, thus enabling the study of real problems. This experimental method has previously been used to study the subsidence characteristics of backfill mining and strip mining, and the development and characteristics of mining-induced surface cracks [41] - [44] . In this section, a similitude model experiment was conducted according to the structure and properties of the Xinsan Mine strata, where surface displacements caused by underground mining were observed. The purpose of this experiment was to validate the results of the InSAR deformation monitoring and the theoretical analysis presented in Section 4, and to investigate the abnormal surface deformation of Shiqiao Village in greater detail.
The similitude experiment was set up with a scale of 1:400; the design of the model is shown in Fig. 9(a) . This model included deformation monitoring points inside the strata and land surface, and the XJTUDP digital close-range photogrammetry system (as shown in Fig.10 ) was used to acquire information about deformation at each monitoring point during the mining process. This deformation data was then processed and the resulting deformation curves of each surface monitoring point (red circles in Fig. 9(a) ) are shown in Fig. 11 .
The vertical displacements that correspond to Mining Stop Line 1 and 2 (shown in Fig. 9(a) ) at each surface monitoring point are represented in Fig. 11 . Mining Stop Hence, the similitude experiment provided further proof that mining-induced fault slippage was the root cause of abnormal deformation and building damage in Shiqiao Village.
V. DISCUSSION AND CONCLUSION
In this study, we investigated the disconnect between surface deformation caused by underground mining in geologically complex areas and our current understanding of mininginduced subsidence. Firstly, the ability of the InSAR technique to invert the temporal evolution and spatial distribution of historical surface deformation was used to interpret the spatiotemporal features of abnormal surface deformation in an area affected by mining-induced subsidence. Based on detailed information about the geology and mining operations in the study area and the results of field surveys, we then preliminarily determined that local faults were the cause of abnormal damage in the subsidence-affected area. Finally, our hypothesis was validated via theoretical analysis and similitude simulations. The findings of this study will serve as an excellent reference for future studies into the mechanisms and characteristics of abnormal surface deformation in subsidence-affected areas.
Specifically, the temporal evolution and spatial distribution of abnormal surface deformation during excavation of working face 162601 in the Xinsan Mine were obtained by interpreting seven RadarSat-2 images with SBAS-InSAR approach. Significant abnormal deformation first appeared in the study area on 2013-12-10, at which point no visible damage was observed in the buildings of Shiqiao Village. Building damage only became apparent in March 2014, and the difference in surface displacement at the point of abrupt change had already increased to 26 mm. Based on the spatial distribution of the InSAR-derived surface deformation and the geological structure of the study area, we deduced that the cause of abnormal surface deformation and building damage was the presence of faults in the area. The experimental results demonstrated that surface monitoring-based InSAR time series analysis approach can be used to assist in revealing the causes of this type of abnormal surface deformation. The results of these analyses also have practical applications as indicators of abnormal building damage.
The theoretical analysis and similitude experiment into the effects of faults on mining-induced subsidence both further confirm that the root cause of the abnormal deformation and building damage in Shiqiao Village was mining-induced ''fault activation''. However, it must be noted that the similitude experiment was a simplification of the actual geological structure in the study area. Furthermore, due to limitations in the accuracy of the XJTUDP system, the quantitative measurements of this experiment are not practically significant and are only meaningful as a qualitative reference. In future studies, numerical simulations using a more real and comprehensive 3D model of the study area should be performed to further analyse the surface deformation and internal strata movement caused by the excavation of working face 162610 in the presence of tectonic faults, so as to carry out a more accurate mining damage warning.
One of the objectives of this study was to find a method that could effectively reveal the mechanisms and characteristics of abnormal surface deformation in areas affected by mining-induced subsidence. The findings of this study increase the practical value of the InSAR technique and can be used to develop preventive measures against abnormal damage in subsidence-affected areas, as well as conserve the ecological environment in such areas. Furthermore, this study contributes to improving subsidence control theory by providing a preliminary analysis of the mechanism by which subsurface mining leads to fault ''activation''. On the other hand, the research results of the surface deformation law in the presence of faults can provide a theoretical basis for the correction of the prediction model. 
